INTRODUCTION
Nephronophthisis (NPHP) is a rare autosomal recessive kidney disease, which leads to progressive renal failure in children and adolescents. NPHP is the most frequent genetic cause for endstage renal failure (ESRF) in the first three decades of life. On kidney histology tubular basement membrane disintegration, fibrosis, and cyst formation at the corticomedullary border are the prominent features. About 15% of all patients develop retinitis pigmentosa (Senior-Løken syndrome [SLS] ). Other extrarenal symptoms have been described, in particular oculomotor apraxia (type Cogan), cerebellar ataxia (Joubert syndrome), mental retardation, liver fibrosis, and bone anomalies. To date, eight causative genes, NPHP1-8 (MIM]s 256100, 602088, 604387, 606966, 609237, 610142, 608539, and 610937) have been identified by positional cloning Otto et al., 2002 Otto et al., , 2003 Otto et al., , 2005 Mollet et al., 2002; Olbrich et al., 2003; Sayer et al., 2006; Attanasio et al., 2007; Delous et al., 2007] . Recently, functions of primary cilia, basal bodies, and centrosomes have been implicated in the pathogenesis of NPHP .
With the exception of NPHP1, only a few mutations for each gene have been described. NPHP1 is the gene most frequently mutated in NPHP due to unequal recombination events between two 45-kb direct flanking repeats, leading to a large 290-kb deletion [Saunier et al., 2000] . Additionally, a rare smaller NPHP1 deletion of 151 kb with defined breakpoints was described . Mutations in the other NPHP genes account only for 1 to 3% each. Recently we demonstrated that inversin, a protein involved in left-right patterning in vertebrate embryos is mutated in patients with infantile NPHP (NPHP type 2) who develop early onset ESRF. To date, we detected inversin (NPHP2/INVS) mutations only in 10 patients from eight families worldwide O'Toole et al., 2006] . In NPHP type 3, only nine patients were described so far, and in only three of these both alleles were found to be mutated [Olbrich et al., 2003] . For the NPHP4 gene, mutations in both alleles have been reported in 17 patients altogether [Mollet et al., 2002; Otto et al., 2002; Hoefele et al., 2005] . Recently, we identified NPHP5/IQCB1 as a fifth causative gene mutated in NPHP . Recessive premature termination codon (PTC) mutations were found in 16 patients. All patients had the association of early onset retinitis pigmentosa and are therefore considered SLS. Saunier et al. [2005] reported seven additional patients with NPHP5 mutations in a small cohort of 13 early-onset SLS patients. Very recently, we identified a novel centrosomal protein NPHP6/CEP290, which is mutated in patients with NPHP type 6 [Sayer et al., 2006] . All patients carried recessive PTC mutations and the association of cerebellar vermis aplasia, mental retardation, and early-onset retinitis pigmentosa (Joubert syndrome; JBTS5) with the exception of one patient who presented with NPHP and retinitis pigmentosa only. Another rare cause for NPHP (NPHP type 7) are mutations in the transcription factor GLIS2, leading to increased apoptosis in humans and in mice [Attanasio et al., 2007] . Recently, mutations in the gene encoding the ciliary protein RPGRIP1L have been identified in patients with Joubert syndrome and associated NPHP (JBTS6) and in patients with Meckel syndrome, a lethal disease with overlapping clinical features [Delous et al., 2007] .
Over the last 15 years we ascertained worldwide DNA samples from 730 unrelated patients with NPHP, of which 470 have not been analyzed for mutations in the known genes NPHP1-5. Mutations in NPHP6/CEP290 [Sayer et al., 2006] and NPHP7/ GLIS2 [Attanasio et al., 2007] we published recently. Mutation screening was performed by using a combination of multiplex-PCR deletion analysis, direct sequencing, homozygosity mapping, and crude celery extract (CEL I) endonuclease mutational analysis (see flow diagram in Fig. 1 for details) . Besides many homozygous NPHP1 deletions, we identified recessive mutations in 24 patients demonstrating that the combined approach is effective to find rare mutations and this approach enabled us to identify many novel mutations in the NPHP1-5 genes in a large cohort of patients.
MATERIALS AND METHODS Human Subjects
We obtained blood samples, pedigrees, and clinical information after receiving informed consent (www.renalgenes.org) from 470 patients with NPHP with or without extrarenal manifestations and/or their parents. This cohort of 470 unrelated patients consists of 372 (79%) patients with isolated NPHP, 71 (15%) patients with NPHP associated with retinitis pigmentosa (SLS), 21 (4.5%) patients with Cogan oculomotor apraxia, three (0.6%) patients with liver fibrosis, and three (0.6%) with bone malformations. The cohort consists of 72 (15%) familial cases vs. 398 sporadic cases. Consanguinity was known to be present in 38 (8%) families. The diagnosis of NPHP was confirmed in 137 (29%) patients by a renal FIGURE 1. Flow diagram illustrating the stepwise combined approach for mutation screening of NPHP1, -2, -3, -4, and -5 in a cohort of 470 patients with NPHP. The number of patients in whom recessive mutations in the respective gene were found is indicated in gray boxes. Initially all patients were screened for homozygous NPHP1 deletions. DNA samples of patients presenting with end stage renal failure (ESRF) r5 years were screened for mutations in inversin (NPHP2/INVS), and samples of patients with NPHP and retinitis pigmentosa (SLS) were analyzed for mutations in NPHP5/IQCB1 by direct sequencing. Remaining patients were screened for ''homozygosity only'' at the respective loci of NPHP1, -3, and -4 by genotyping three polymorphic microsatellite markers each. Marker positions are indicated in relation to the respective NPHP genes on chromosome 2, 3, and 1, respectively, according to the data of the 2006 freeze of the University of California Santa Cruz (UCSC) genome browser. Patients homozygous for the respective markers were further analyzed. Mutation analysis was performed by heteroduplex CEL I endonuclease digests of all exon-PCR products of the respective NPHP genes. PCR products showing an aberrant banding pattern on agarose gels after electrophoresis were sequenced to identify the underlying mutations (gray boxes).
biopsy. A total of 25 patients presented with ESRF at age 5 years or below, of whom six patients showed a situs inversus phenotype. In 34 out of the 71 patients who presented with SLS, NPHP5/IQCB1 sequence analysis was performed earlier . Patients with NPHP and additional cerebellar malformations (Joubert syndrome) were not enrolled in this study. Approval for experiments on humans was obtained from the University of Michigan Institutional Review Board. In all patients the diagnosis NPHP was based on the following criteria: 1) clinical course with characteristic clinical signs of chronic renal failure, polyuria, polydipsia, anemia, and growth retardation; 2) renal ultrasound or renal biopsy compatible with the diagnosis of NPHP as judged by a (pediatric) nephrologist; and 3) pedigree compatible with autosomal recessive inheritance.
NPHP1 Deletion Analysis
As a first diagnostic step, we screened genomic DNA of 470 patients with NPHP for the presence of homozygous NPHP1 deletions. We applied a multiplex PCR approach, which we have modified compared to a procedure published earlier . Three markers within the common NPHP1 deletion and two control markers were amplified in a single PCR reaction as shown in Fig. 2A . Primer sequences and PCR conditions are available from the authors.
Microsatellite Homozygosity Mapping
In order to search for homozygosity at the NPHP1, NPHP3, and NPHP4 loci, we genotyped one affected individual of each of 366 families with NPHP using three microsatellite markers within each gene region. For NPHP1 we used three formerly published polymorphic microsatellite markers localized within the 290-kb deleted NPHP1 region. Only two out of these markers localize within the rare smaller 151 kb NPHP1 deleted region . Microsatellite markers del-16, del5-5(2), and del-10 were amplified with the following forward (F) and reverse (R) primers:
0 -AGGTACCTGGAACTCTGAGA-3 0 . The heterozygosity indices were 0.56 [del-16], 0.54 [del-5-5(2) ], and 0.41 [del-10] , respectively. The probability that all three markers at the NPHP1 locus are homozygous by chance, calculated simply by multiplying all three homozygosity indices, is one in nine cases (12%). For homozygosity screening within the NPHP3 region, markers D3S1273, D3S1290, and D3S3713 were used, with heterozygosity indices of 0.8, 0.86, and 0.92, respectively. The probability of these markers at the NPHP3 locus being homozygous by chance is one in 417 cases (0.24%), assuming linkage equilibrium for these markers. NPHP4 locus screening was performed with markers D1S2633, D1S2870, and one additional custom designed polymorphic marker D1S2633c. The primer sequences for D1S2633c are as follows: D1S2633c_F, 5 0 -TCTTG GAGCCCTGAGCTG-3 0 ; D1S2633c_R, 5 0 -AGGCTTAGCCA-GAACCTTCC-3 0 . The heterozygosity indices were 0.71 and 0.66 [D1S2633c] and the probability of all three markers at the NPHP4 locus being homozygous by chance is one in 72 cases (1.4%). Forward primers were tagged at the 5 0 end with the following universal tag sequence: 5 0 -GAGAGAAAGGGAAGGGAG-3 0 [Yang et al., 2000] . A universal primer, consisting of the same sequence as the added tag, was fluorescently labeled with either 6-FAM TM , HEX TM , or NED TM (Applied Biosystems, Foster City, CA). PCR was performed in a total volume of 10 mL containing 2 ng of genomic DNA, 2 pmol tagged forward primer, 8 pmol fluorescently labeled universal primer, 10 pmol reverse primer, and 5 mL of HotStarTaq DNA polymerase mixture (Qiagen, Hilden, Germany). A touchdown protocol was applied (see next section FIGURE 2. A: Detection of homozygous deletions in NPHP1 using a multiplex PCR approach. Agarose-gel electrophoresis of PCR products is shown for a patient (Patient F150) with a homozygous NPHP1 deletion (lane 1) and for a healthy control individual (lane 2). PCR products derived from the NPHP1 deletion region are NPHP1 exon 7 (arrow d, 236 bp), NPHP1 exon 11 (arrow c, 286 bp), and NPHP1 exon 20 (arrow b, 436 bp). Positive control markers are derived from gene LHX9 exon 4 (arrow a, 515 bp) and LHX9 exon 6 (arrow e, 180 bp) on chromosome 1, which were used to ensure the presence of DNA and accurate PCR ampli¢cation. In lane1, genomic DNA of a patient with NPHP type 1 was used as a PCR template. Note that the PCR products for both control markers (arrows a and e) are present, whereas products for NPHP1 exons 7, 11, and 20 (arrows b, c, and d, respectively) are absent, indicating a homozygous NPHP1 deletion and con¢rming the diagnosis NPHP type 1. In lane 2, note that all ¢ve fragments (arrows a^d) were ampli¢ed when using genomic DNA of a healthy control individual as a template. Lane M, 100-bp ladder DNA size marker (New England Biolabs, Ipswitch, MA). B: Splice e¡ects of NPHP1 mutation c.1027G4A investigated by RT-PCR. RNA (100 ng) of a healthy control individual and a patient (Patient F232) carrying the NPHP1 mutation c.1027G4A, which changes the last nucleotide of exon 9 and a conserved splice donor consensus site, were used as templates for RT-PCR. Control RT-PCR ampli¢cation of full-length MAPRE2 cDNA (984 bp) was performed to ensure presence and quality of mutant (lane 1) and wild-type (lane 2) RNA samples (white arrows). RT-PCR ampli¢cations using NPHP1 primers located in exon 8 (forward) and exon 16 (reverse) are shown for the mutant RNA in lane 4 and for the wild-type RNA in lane 5. Note the product of the expected size of 874 bp in the wild-type sample (white arrowhead), which is missing in the mutant sample. Instead, ¢ve aberrant products of di¡erent sizes are visible, when using mutant RNA as RT-PCR template (lane 4). Genomic DNA (100 ng) was used as a control for the respective primers (MAPRE2, lane 3; NPHP1, lane 6) to test for DNA contamination. Lane M,100-bp ladder DNA size marker.
for details). Diluted PCR products were separated on an automated capillary sequencer (Applied Biosystems) and results were analyzed with the help of GeneMarker 1.1 genotyper software (SoftGenetics, State College, PA).
PCR Ampli¢cation and Sequencing
In appropriate patients, exons of NPHP1 (NM_000272.2), NPHP2/INVS (NM_014425.2), NPHP3 (NM_153240.3), NPHP4 (NM_015102.2), or NPHP5/IQCB1 (NM_001023570.1) were individually amplified using exon flanking primers (sequences available upon request). A 10-mL PCR reaction was set up with 10 ng genomic DNA, 10 pmol each of forward and reverse primer, and 5 mL HotStarTaq Polymerase mixture (Qiagen). DNA amplification was performed on a thermal cycler (Mastercycler; Eppendorf, Hamburg, Germany) using Thermo-Fasts 96-well plates (ABgene, Rochester, NY) and applying the same touchdown PCR protocol for amplifying all exons or microsatellite markers. The following touchdown PCR protocol was used: initial denaturation at 941C for 15 min, followed by 20 cycles with an annealing temperature decreasing 0.71C per cycle, starting at 721C for 30 sec; denaturation at 941C for 30 sec, and extension at 721C for 1 min. An additional 20 cycles were added: 941C for 30 sec, 551C for 30 sec, 721C for 1 min, with a final extension of 721C for 10 min. For mutational screening 2 mL were directly used in a CEL I endonuclease digest. For sequencing, PCR products were purified using spin columns according to the manufacturer's instructions (Marligen, Ijamsville, MD) and directly sequenced using the dideoxy chain termination method on an automatic capillary genetic analyzer (Applied Biosystems). Mutation nomenclature follows the checklist for the description of sequence variants (www.hgvs.org/mutnomen/checklist.html). Position 11 corresponds to the A of the ATG translation initiation codon of the respective reference gene sequences.
CEL I Endonuclease Preparation
Preparation of crude extract containing 30 kDa of single-strandspecific endonuclease CEL I was purified from celery as described [Oleykowski et al., 1998; Till et al., 2003 Till et al., , 2004 . In brief, 0.5 kg of store-bought celery stalks was juiced at 41C, adjusted to 0.1 M Tris-HCl, pH 7.7, 100 mM phenylmethylsulphonyl fluoride (PMSF), and spun for 20 min at 2,600 g to pellet debris. All following steps were performed at 41C. The supernatant was saturated to 25% with (NH 4 ) 2 SO 4 , mixed for 30 min, and spun at 16,000 g for 40 min. The resulting supernatant was saturated to 80% (NH 4 ) 2 SO 4 , mixed for 30 min, and spun at 16,000 g for 90 min. The pellet was suspended in 0.1 M Tris-HCl, pH 7.7, 100 mM PMSF (1/10 starting volume), transferred to a dialysis tube (Spectra/Pors, Spectrum Laboratories, Ft. Lauderdale, FL 10,000 molecular weight [MW] cutoff), and dialyzed against 32 l of the same buffer with four changes over 4 hr. Aliquots were stored at -201C.
Heteroduplex Formation and CEL I Treatment
The CEL I endonuclease enzyme recognizes single-base mismatches present in heteroduplex DNA and cleaves both strands. Heteroduplex DNA was obtained by heat-denaturing 2 mL of an exon-PCR amplified patient DNA sample mixed with an equal amount of a healthy control sample (wild type). DNA fragments were denatured at 951C for 10 min followed by cooling to 851C at a rate of 21C/sec and a gradual cooling to 251C at a rate of 0.11C/sec to allow random reannealing of the denatured DNA strands. CEL I treatment of the reannealed samples was performed with 6 mL of crude celery extract. The reaction mixture was incubated at 451C for 5 min, put on ice, and stopped by mixing with glycerol-containing (30%) loading buffer supplemented with EDTA (final concentration 250 mM) followed by a 1.5% agarose gel electrophoretic separation of the digested fragments for 1 hr at 150 V. Samples showing aberrant bands were purified and directly sequenced. To test the mutation detection rate (sensitivity) of the heteroduplex-based CEL I digest-method and our custom-made celery extract, we examined 79 different formerly published NPHP1-5 mutations, and found 73 samples (92%) showing an aberrant banding pattern after CEL I treatment. Out of 366 patients, CEL I endonuclease mutation analysis was performed for all exons in NPHP1, NPHP3, or NPHP4 in those patients showing uninterrupted coexistent homozygosity for all three microsatellite markers typed within the respective gene region. Altogether, we performed 1,276 exon-PCRs in 54 patients showing homozygosity at the NPHP1 (32), NPHP3 (14), or NPHP4 (8) loci. After heteroduplex formation, CEL I digest, and agarose gel electrophoresis, we identified 59 samples with aberrant banding patterns. After sequencing these samples we identified 17 homo/hemizygous mutations, 34 samples showed known SNPs, and in eight samples no sequence change was observed (false positives).
Reverse-Transcription Polymerase Chain Reaction (RT-PCR) and RNA Preparation
We extracted total RNA from Epstein-Barr virus (EBV)-transformed lymphocytes from a patient (Patient F232) carrying the NPHP1 mutation c.1027G4A in exon 9 and a control individual using Trizol Reagent (Invitrogen, Carlsbad, CA). We carried out RT-PCR using the SuperScript III One-Step RT-PCR System (Invitrogen). For the partial NPHP cDNA amplification of the exon 8-16 fragment (874 bp) the following primers were used: NPHP1_ex-on8_775_F (5 0 -CGGGCATCTTCTGTCTTGTTAATCATGT-3 0 ) and NPHP_exon16_1645_R (5 0 -TGAGGCTGCCTTCTCATTGT-CATAATCT-3 0 ). To ensure the presence and quality of the RNA we performed a control RT-PCR using control primers MAPRE2_F (5 0 -CACCATGCCTGGGCCGACCCAAACCCTGTCCCCA-3 0 ) and MAPRE2_R to amplify the full length cDNA (984 bp) of the MAPRE2 gene. Amplified PCR products were separated on agarose gels by electrophoresis, cut out from the gel, purified, and directly sequenced on an ABI capillary sequencer (Applied Biosystems).
RESULTS

Analysis of Homozygous Deletions in NPHP1
It has been described that homozygous deletions constitute the most frequent cause of NPHP [Konrad et al., 1996] . To detect NPHP1 deletions, we performed a multiplex PCR using exonflanking primers for NPHP1 exons 7, 11, and 20, together with two control primer pairs. We analyzed genomic DNA samples of 470 patients with the presumptive diagnosis of NPHP. Lack of all three NPHP1 exons, and simultaneous presence of both control amplicons was observed in 97 patients (21%), indicating a homozygous NPHP1 deletion and confirming the diagnosis NPHP1 (Table 1, Figs. 1 and 2A) . Eight out of these 97 patients had an association with retinitis pigmentosa (SLS) and eight patients with Cogan oculomotor apraxia. The remaining patients were screened for the presence of NPHP1 point mutations or mutations in other NPHP genes applying a homozygosity preselection approach or direct sequencing (see below).
Preselection for Homozygosity
We screened for homozygosity due to the observation, that in all NPHP genes, the occurrence of homozygous mutations is more frequent compared to compound heterozygous mutations. For example, after sequencing all exons of NPHP5 in 92 SLS patients, 14 patients were found to carry a homozygous mutations vs. only two patients with a compound heterozygous mutation . We screened 366 patients, in whom we have not found NPHP1 deletions, for homozygosity of three polymorphic microsatellite markers at each of the NPHP1, NPHP3, and NPHP4 loci. In the particular case of the NPHP1 genotype analysis, markers del-5-5(2), del-16, and del-10, known to be located within the known 290-kb deleted region of NPHP1 were used. Out of 366 patients genotyped, 140, 162, and 205 showed homozygosity for markers del-5-5(2), del-16, and del-10, respectively. Combined homozygosity for all three markers was found in 32 patients (9%) who were selected for a NPHP1 point mutation analysis (see below). Homozygosity screening to preselect patients in the NPHP3 region was performed by typing microsatellite markers D3S1273, D3S1290, and D3S3713. Homozygosity for these markers was observed in 88, 77, and 42 patients, respectively. A total of eight out of the 366 patients (2%) showed homozygosity for all three markers at the NPHP3 locus and were for that reason selected for further NPHP3 mutation analysis. Finally, genotyping of microsatellite markers D1S2633, D1S2633c, and D1S2870 at the NPHP4 locus revealed 101, 130, and 86 patients homozygous for the respective markers. Out of 366 patients, 14 (4%) showed coexistent homozygosity for all three markers and were chosen for further NPHP4 mutation analysis.
NPHP1 Point Mutations
After selection of 32 patients showing homozygosity for three microsatellite markers within the common NPHP1 deleted region, we performed mutational screening for all 20 NPHP1 exons using heteroduplex based CEL I endonuclease digests in these patients. Agarose gel separations of CEL I digests representing six examples of heteroduplex mismatches representing NPHP1 point mutations are shown in Fig. 3 . Samples showing aberrant banding patterns were sequenced and revealed seven different homozygous/hemizygous NPHP1 point mutations in 11 patients (Tables 1 and 2 ; Fig. 1 ). We identified three nonsense mutations (p.R347X, p.Y509X, and p.R586X), two of which were novel findings. The stop mutation p.R586X was recently described as prevalent in Italy [Caridi et al., 2006] . Furthermore, we identified two novel frameshift mutations (p.P186fsX1873 and p.V492fsX513), a novel obligatory splice site mutation (c.188411G4A) in intron 18, and a potential splice mutation (c.1027G4A) in exon 9 (Table 2 ; Supplementary Fig. S1 , available online at http://www.interscience.wiley.com/jpages/1059-7794/suppmat). This mutation was found in five different patients from Germany, accounting for about 3% of all patients with NPHP1 mutations (Table 1) and was initially described in a patient (F232) with Cogan oculomotor apraxia . All five patients from Germany that carried the c.1027G4A mutation share the same homozygous alleles for all three microsatellites typed within the NPHP1 deletion region, indicating a founder effect. Extended genotyping of eight additional microsatellite markers confirm haplotype sharing for at least three families (data not shown). The aforementioned mutation (c.1027G4A) affects the last nucleotide of exon 9, which is part of the splice donor site and is 80% conserved in the splice consensus sequence. We tested by RT-PCR for a potential splice effect using RNA of Patient F232, who carries mutation c.1027G4A hemizygously, together with a wild-type control RNA. Splice errors were demonstrated in the mutant RNA (Patient F232) with four splice products of aberrant size and lack of a correctly spliced product. (Fig. 2B) . All mutations found, are likely to result in loss-of-function of the NPHP1 gene product. Segregation analysis revealed parental noncontribution in five patients, indicating inheritance of a heterozygous deletion from one parent and transmission of a point mutation from the other parent. In five cases no parental DNA was available to distinguish between homozygous and hemizygous point mutation status (Table 2) .
NPHP2 Mutation Analysis in Patients With Early Onset ESRF
Sequencing of all NPHP2 exons in 25 patients who presented with early onset ESRF by the age of 5 years was performed. We identified two patients with potential loss-of-function mutations (Table 2 ; Fig. 1; Supplementary Fig. S1 ). In a family from France (Family A128) we found a compound heterozygous mutation p.
[Q485fs]1[R687fs]. The frameshift mutation p.R687fs is a novel mutation, not described before. Additionally, a homozygous nonsense mutation (p.R899X) was identified in a patient with early onset NPHP and liver fibrosis (Table 2; Supplementary Fig.  S1 ). No mutations were found in six patients presenting with NPHP in combination with a situs inversus phenotype, indicating further heterogeneity in this disease entity. A total of 366 patients (unrelated families) with NPHP were screened for mutations in NPHP1, NPHP3, and NPHP4 applying a homozygosity screening approach, followed by heteroduplex-based CEL I mutational analysis. A total of 37 out of 71 patients with NPHP and additional eye involvement (retinitis pigmentosa or Leber congenital amaurosis) were screened for NPHP5/IQCB1 mutations by direct sequencing. In 34 cases, sequence analysis was performed earlier and was negative ].
e Numbers refer to patients with proven recessive mutations in the respective NPHP genes identi¢ed in our laboratory.The percentages refer to the recessive mutations found to date. Note that not all patients underwent a complete screening of all genes and that not all mutations have been published yet.
f Over the last 15 years we ascertained worldwide DNA samples from 730 unrelated families with nephronophthisis, 470 of which were included in the present study. Patients presenting with Joubert syndrome are not part of these cohorts. g
NPHP3 Mutation Analysis
Of 366 patients, eight were found to be homozygous at the NPHP3 locus after genotyping three microsatellite markers. CEL I mutational analysis and subsequent sequencing uncovered two novel homozygous NPHP3 mutations in two patients. CEL I digests of the respective mutated PCR samples are shown in Fig. 3 . Both mutations were novel potential loss-of-function mutations and were segregating with the affected status within both families. We identified an obligatory splice donor consensus mutation c.381212T4C in a Turkish family in intron 26, and a nonsense mutation p.R1259X in exon 26 in a family from Italy (Table 2 ; Fig. 1; Supplementary Fig. S1 ).
NPHP4 Mutation Analysis
Following homozygosity mapping at the NPHP4 locus in 366 NPHP patients, 14 patients were selected for CEL I endonuclease mutational analysis of all 30 exons. Sequencing four PCR products showing aberrant banding patterns (Fig. 3) led to the identification of four homozygous NPHP4 mutations (three novel), of which two were frameshift mutations (p.T1004fs and p.V1091fs) and two were nonsense mutations (p.R59X and p.E790X) ( Table 2 ; Fig. 1 ; Supplementary Fig. S1 ).
NPHP5 Mutations in SLS Patients
NPHP5 mutation analysis was performed by direct sequencing of all 16 exons in altogether 37 SLS patients. We identified five patients that carried potential loss of function mutations homozygously (Table 2 ; Fig. 1; Supplementary Fig. S1 ). A total of three nonsense mutations (p.W444X, p.R461X, and p.R489X), a 2-bp deletion leading to a frameshift and a premature stop in exon 6 (p.F142fs), and an obligatory splice acceptor site mutation in intron 6 (c.488-1G4A) were found. The mutations p.W444X, p.R489X, and c.488-1G4A are novel findings. Four out of five patients, in whom we found NPHP5 mutations, developed blindness early in life (Leber congenital amaurosis).
DISCUSSION
By positional cloning we and others have identified eight genes as mutated in NPHP. In order to determine the frequency and character of mutations in the genes coding for NPHP1-5, we screened a large cohort of 470 patients with NPHP, applying a combined mutational analysis approach. We identified 97 (21%) patients carrying a homozygous NPHP1 deletion and 11 patients with NPHP1 hemi-or homozygous point mutations. Similar results were reported elsewhere, in which recessive NPHP1 mutations FIGURE 3. CEL I enzymatic cleavage mutation detection in the NPHP1, -3, and -4 genes. Mutations in PCR products were identi¢ed after performing heteroduplex formation with healthy control DNA, subsequent CEL I endonuclease mismatch digest, and separation on a 1.5% agarose gel. Mutated samples from patients shown on the left and healthy control samples on the right. Bands resulting from CEL I cleavage are indicated by white arrowheads. Mutated NPHP genes, family numbers, exon numbers, and amino acid changes are shown below lanes. M:100-bp ladder DNA size marker (New England Biolabs). het, heterozygous mutation; hom, homozygous mutation; hem, hemizygous point mutation in combination with a heterozygous NPHP1 deletion (large deletions are the most common mutations in NPHP1); M, mutation identi¢ed in mother; P, were detected in 94 out of 276 patients (34%) [Salomon et al., 2003] . Furthermore, we identified recessive mutations in NPHP2, NPHP3, NPHP4, and NPHP5 in 13 additional patients. Performing mutational analysis in 25 patients who developed ESRF within the first 5 years of life, we identified potential loss-offunction mutations in the NPHP2/INVS gene in two patients, indicating further heterogeneity in early onset patients. In mice, the inversin mouse model (inv/inv) of insertional mutagenesis is associated with renal cysts and cardiovascular defects. Interestingly, one patient carrying an NPHP2 mutation rapidly deteriorated to ESRF at 6 months of age and suffered from a hypertrophic cardiomyopathy due to ventricular septal defects . In this study, we did not find NPHP2 mutations in six patients who presented with a situs inversus phenotype, which is consistently seen in inv/inv mice, indicating further heterogeneity in this subset of patients.
In NPHP3, we identified two patients carrying novel homozygous potential loss-of-function mutations. Interestingly, in one of the families with NPHP3 mutations, both affected children developed ESRF at the age of 4 years. Ultrasonography revealed increased echogenicity and medullary cysts on normal sized kidneys in both siblings. The term ''adolescent'' NPHP for NPHP3 might be questioned and patients presenting with early-onset ESRF should also be considered for NPHP3 diagnostics. The two observed mutations confirm for the first time the initial disease gene identification publication, in which only three patients with recessive mutations were reported [Olbrich et al., 2003] .
In NPHP4, we detected two homozygous nonsense and two homozygous frameshift mutations in four patients. The age of onset of ESRF was between 14 and 21 years, which is in the range of formerly published reports. Three out of four mutations were novel findings, adding to the 16 different recessive mutations described earlier Hoefele et al., 2005] .
In NPHP5, we identified five potential loss-of-function mutations (three nonsense, two frameshift mutations) in five unrelated SLS patients. Notably, as in the initial report of 16 patients, all observed mutations were premature terminating codon mutations .
In conclusion, recessive mutations in NPHP1, are the most frequent cause in NPHP, accounting for about 25% of all cases. In contrast, mutations identified in other NPHP genes (NPHP2-5) are comparatively rare, accounting for only about 1 to 3% of all cases. Interestingly, in about two-thirds of all patients with NPHP, the underlying gene defect is still unknown and we expect an additional scale of genetic heterogeneity for this condition.
Screening a large cohort of 366 patients for 77 exons for NPHP1, NPHP3, and NPHP4 is extremely tedious and costly and would have amounted to 28,182 amplicons to be analyzed. Therefore, we followed a homozygosity mapping strategy based on the observation that recessive mutations in NPHP genes (both alleles mutated) are found to be mostly homozygous, rather than compound heterozygous. For example, direct sequencing of all exons in NPHP4 for 271 patients revealed nine patients with homozygous mutations vs. five patients that carried compound heterozygous mutations Hoefele et al., 2005] . We genotyped three highly polymorphic microsatellite markers, positioned in close proximity to each of the respective genes. Theoretically, using three markers with a heterozygosity index of 0.9 each, only one out of 1,000 patient samples will be homozygous for all three markers by chance. This approach is helpful to identify remote consanguinity in these patients who are homozygous in a candidate gene region of interest or at a specific known disease locus. This method does not require DNA of parents or other relatives. We acknowledge that the potential weakness of this method is the lack of the identification of compound heterozygous mutations. This problem can be partially circumvented by typing markers at the respective loci in patients with known mutations to identify related patients with compatible genotypes who carry these mutations in a heterozygous state.
Mutational analysis was performed using CEL I endonuclease heteroduplex mismatch cleaving. As a CEL I source we used custom-made crude celery extract. The sensitivity was 92%, which is comparable to other mutation screening methods. It is important to know that some exonuclease activity is associated with the endonuclease CEL I. Long incubation times might destroy the entire signal and a smear of high background will be the result. In practice, some mismatches will be cut by CEL I only in 2 to 20%, leaving the full-length PCR product untouched and the cut fragments hard to visualize. Moreover, when using an excess of PCR product, CEL I will preferably cut only single strands over both strands. The advantages on the other hand are that CEL I is extremely stable during the purification process, during the storage period at -201C, and during the whole assay. The strength of the CEL I mutation detection assay using celery extract is its simplicity, effectiveness, and inexpensiveness. The combined homozygosity approach and CEL I digests are powerful tools for mutation analysis in the light of increasing disease gene identifications and mutational analysis requests.
